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S U M M A R Y
Background: In an attempt to better understand the non-O1/O139 isolates of Vibrio cholerae, a systematic
study of clinical and environmental isolates collected from various geographical locations between the
years 1932 and 1998 was conducted.
Methods: Ninety-nine V. cholerae isolates collected from clinical and environmental sources from
various geographical regions between 1932 and 1998 were studied by sequencing seven housekeeping
genes. Genetic relatedness was deﬁned by multiple methods that allow for the observed high levels of
recombination.
Results: Four V. cholerae subpopulations were determined. One subpopulation contained mostly
environmental isolates, a second contained the cholera toxin-positive serogroup O1/O139 isolates, and
the other two subpopulations were enriched for non-O1/O139 clinical isolates that were frequently
clonally related to each other.
Conclusions: The data suggest that many of these non-O1/O139 clinical isolates were phylogenetically
related to common ancestors, even though the isolates had been collected up to 36 years apart and from
different countries or continents.
Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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jou r nal h o mep ag e: w ww .e lsev ier . co m / loc ate / i j id1. Introduction
Vibrio cholerae is a Gram-negative bacterium that is ubiquitous
in the aquatic environment, and a subset of strains are pathogenic
and cause severe diarrhea. The pathogenic strains are divided into
two groups: the O1/O139s that carry the genes for cholera toxin
(ctxAB) and the non-O1/O139s that usually do not. Most research is
focused on the O1/O139s because these strains have caused
worldwide and seasonal epidemics. In contrast, the non-O1/O139s
tend to be sporadic and associated with localized outbreaks.1,2 In a
few instances, notably the O37 outbreaks in Sudan and Czecho-
slovakia, the non-O1/O139 strain turned out to be phylogenetically
linked with O1/O139 strains, albeit with a different polysaccharide
coat (serogroup). However, most non-O1/O139s are only distantly
related to the O1/O139s that are all related to a single common
ancestor and are referred to as being clonally related.3* Corresponding author. Tel.: +240 402 9372; fax: +301 595 1458.
http://dx.doi.org/10.1016/j.ijid.2015.07.001
1201-9712/Published by Elsevier Ltd on behalf of International Society for Infectious
creativecommons.org/licenses/by-nc-nd/4.0/).The non-O1/O139 strains may cause severe disease.4–6 Al-
though they do not usually contain ctxAB, these strains contain
some virulence factors in common with the O1/O139s and some
that are distinct,7,8 and many of these virulence genes are found in
different combinations.1 One concern is not that these will become
ctx-positive and evolve to be the next epidemic cholera, rather that
they will/have become independent diarrheal pathogens like the
different pathotypes of Escherichia coli, e.g., enteropathogenic or
enterohemorrhagic. The genetic relatedness of the non-O1/O139
strains has not been explored systematically. The most recent
study found that 70 isolates from around China formed a
heterogeneous population, with the majority of the sequence
types (STs) being unique and unrelated to each other.1 A second
study also found that non-O1/O139 isolates were not related, by
multilocus sequence typing (MLST).9
The observed wide variety of genetic lineages with different
sets of virulence genes and their sporadic appearance both
temporally and geographically could lead to the interpretation
that these are evolutionary dead-ends, unlikely to evolve into a Diseases. This is an open access article under the CC BY-NC-ND license (http://
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where they mutated. The authors would pose the alternative
hypothesis that these strains are capable of moving across large
geographic areas like countries or continents, similar to what has
been seen with epidemic cholera caused by O1/O139 strains, with
the potential for spread of disease-associated strains. In an attempt
to better understand the non-O1/O139 isolates of V. cholerae, a
systematic study of clinical and environmental isolates collected
from various geographical locations between 1932 and 1998 was
conducted. By looking back across time, the study provides us with
an opportunity to assess evolutionary changes within the ‘non-
epidemic’ strains of V. cholerae. Such data provide a necessary
context for understanding diversity among current isolates of non-
O1/O139 strains.
2. Materials and methods
Ninety-nine V. cholerae isolates from clinical (cholera out-
breaks and sporadic infections) and environmental sources from
various geographical regions, collected between 1932 and 1998,
were studied (Table 1). The isolates are from collections at the
University of Maryland, University of Florida, and National
Institute for Cholera and Enteric Disease, Kolkata, India. The
collection includes serogroup type isolates from the Smith
Vibrio Reference Laboratory collection.10 Frozen isolates were
revived on Luria–Bertani and thiosulfate–citrate–bile salts–
sucrose (TCBS) agars to conﬁrm their purity, and tested for
oxidase activity and indole production (Remel, Lenexa, KS, USA).
DNA was isolated with a Wizard Genomic DNA Puriﬁcation Kit
(Promega, Madison, WI, USA) according to the manufacturer’s
protocol. The DNA specimens were screened for the presence
of seven housekeeping genes using previously described
primers:11 cat (HM239366.1–HM239460.1), chi (HM239270.
1–HM239365.1), dnaE (HM239174.1–HM239269.1), gyrB
(HM239081.1–HM239173.1), lap (HM238984.1–HM239080.1),
pgm (HM238891.1–HM238983.1), and recA (HM239461.1–
HM239512.1). They were also screened for two virulence genes,
ctxA and tcpA, encoding cholera toxin A subunit and toxin co-
regulated pilus major pilin subunit, respectively, using previ-
ously described primers.12 All PCRs were performed with Taq
polymerase in a manufacturer-supplied buffer with 2 mM MgCl2
using 50 8C as the annealing temperature. The ampliﬁed
fragments of the housekeeping genes were sequenced in both
directions with a Big Dye Kit (Applied Biosystems); the resulting
fragments were separated on an ABI 3700xl sequencer and the
sequence determined using Phred, Phrap, and Consed.13–15
The genotypes of the isolates were determined by aligning
the sequences and calculating the pair-wise distances using
Clustal.16 Allele numbers were assigned arbitrarily to every
distinct sequence at each locus including those from previous
papers.11,17 The isolates were assigned STs based on the allelic
proﬁles of their seven housekeeping genes, and clonal com-
plexes (CC) were determined using eBURST (http://www.mlst.
net/burst.htm). Isolates within a CC differed from another
member of the group by two or fewer alleles at the seven loci.
This is the default setting for eBURST and has been the standard
from the beginning of MLST analyses.18 START2 was used to
calculate the index of association (IA
S) between all STs.19
ClonalFrame 1.2 was used to construct phylogenies based on
MLST data.20 Output from ClonalFrame was imported into
SplitsTree 4 and networks computed.21
Structure version 2.3.4, implementing a Bayesian approach, was
used for the analysis of the MLST data.22 The number of
populations, K, was determined under the ‘admixture’ model with
a burn-in of 10 000 iterations followed by the Markov Chain Monte
Carlo simulation of 1000 iterations. K-values between 2 and 7 wererun multiple times and the K-value that generated the highest
posterior probability was used as the probable number of ancestral
populations.
3. Results
The MLST scheme identiﬁed 85 STs among the 99 V. cholerae
isolates. Of these STs, 47 were singletons (i.e., genotypes unrelated
to any other genotype by eBURST) and the others belonged to one
of 13 CCs using the deﬁnition of ﬁve of seven alleles being identical
(Table 1). As expected the ctxAB- and tcpA-positive strains of
serogroups O1 and O139 formed a single CC (CC1) that also
included a Sakazaki O26, two Sakazaki O37 isolates, and an
untyped, non-O1/O139 isolate. The other CCs contained two to
seven isolates.
Accurate estimation of genetic relatedness between isolates
requires an understanding of the role of recombination. With the
ﬁrst method, a standardized index of association (IA
S) was
calculated.19 This index, which quantiﬁes the amount of recombi-
nation and detects associations between alleles at different loci, was
0.271 with a p-value of 0.0002. Thus, the null hypothesis that there is
no recombination among housekeeping loci can be rejected.
The second method of assessing recombination was to calculate
the ratio of recombinational events to mutational changes (r/m
ratio) using ClonalFrame.20 It was determined that the relative
impact of recombination versus that of point mutation, expressed
as the r/m ratio, was 2.24 (95% conﬁdence interval (CI) 1.9–2.7). To
put this into perspective, r/m values greater than 2 are considered
to demonstrate high rates of recombination. When the r/m ratios
were computed for individual genes (Table 2), three genes, i.e., chi,
dnaE, and pgm, had low values (0.007 to 0.76) and three genes, i.e.
cat, lap, and recA, had high values (3.5 to 1152), while one gyrB
could not be determined because the parameters as calculated by
ClonalFrame did not converge. Thus, half of the genes indicated
little or no recombination and half indicated a substantial
contribution of recombination. When summarized, the result
was that there is a substantial amount of recombination.
An alternative summary measure is the relative frequency of
recombination in comparison to point mutation (r/u), which was
0.64 (95% CI 0.55–0.75). In addition, the presence of recombination
can best be illustrated with a network instead of a bifurcating tree.
The consensus network of the 99 isolates, determined in
ClonalFrame20 and imported into SplitsTree,21 is shown in
Figure 1. The parallelograms indicate potential recombination
events among housekeeping genes. The ctx-positive O1/O139s
isolates form a single clade, indicated by the black dotted line in
Figure 1. Even in the network that allows for recombination,
numerous serogroups were found in genetically different lineages.
The program Structure was designed to estimate genetic
subpopulations within a sample using MLST data.22 Analyses
using Structure conﬁrmed the expectation that the ctx-positive O1/
O139s isolates formed one subpopulation (Figure 2, subpopulation
III, n = 14 (yellow)) and revealed that there were three additional
subpopulations among the other isolates. The four subpopulations
differed signiﬁcantly in the proportions of isolates acquired from
the environment. Subpopulation II (n = 43) had signiﬁcantly more
environmental isolates (Chi-square, p = 0.016). As expected,
subpopulation III (n = 14), the ctx-positive O1/O139s, had an
excess of clinical isolates; however, unexpectedly, this was also the
case in subpopulation IV (n = 12), where 91% were isolated from
patients. In Figure 2 – a diagram of the genetically distinct
subpopulations – the effect of recombination can be observed.
Each column represents an isolate; each color represents the
presence of alternative alleles from a speciﬁc subpopulation. In
these columns with multiple colors, the predominant color
represents the subpopulation to which the isolate belongs and
Table 1
Summary of Vibrio cholerae: strain identiﬁcation, serotypes, and genetic variation
ID Name Country Year Source Serotype CTX TCP Sub-population Clonal complex ST cat chi dnaE gyrB lap recA pgm
3083 Clinical O1 + + III 1 1 1 1 1 1 1 1 1
461074.8 1074-78 Brazil 1978 Sewage O1 + + III 1 1 1 1 1 1 1 1 1
C6906 Peru 1991 Clinical O1 + + III 1 1 1 1 1 1 1 1 1
CS365 Brazil Clinical O1 + + III 1 1 1 1 1 1 1 1 1
N15870 Bangladesh Clinical O1 + + III 1 1 1 1 1 1 1 1 1
N1691 India 1971 Clinical O1 + + III 1 1 1 1 1 1 1 1 1
p6973.R P6973R Clinical O1 + + III 1 43 1 1 1 1 1 1 19
053rv79 RV79 Celebes 1937 Clinical O1 + + III 1 44 1 6 1 1 1 1 1
395 O395 India 1964–66 Clinical O1 + + III 1 47 21 6 1 1 1 30 1
498.7 498-7 Thailand Clinical O139 + + III 1 1 1 1 1 1 1 1 1
N63 N63 Indonesia Clinical O26 + + III 1 45 1 6 1 1 1 1 59
Y276 ATCC25872 Czechoslovakia 1965 Clinical O37 + + III 1 44 1 6 1 1 1 1 1
S21 Sudan 1967 Clinical O37 + + III 1 44 1 6 1 1 1 1 1
P1418.R Clinical + + III 1 1 1 1 1 1 1 1 1
5009 1953 Clinical O45Smith   IV 8 57 27 19 35 17 45 22 55
7261 Bangladesh 1966 Clinical O362Smith   IV 8 58 27 19 35 17 45 20 55
9115 Philippines 1976 Clinical, non-enteric O345Smith   IV 8 59 27 19 35 17 45 20 48
CO634 India 1994 Clinical O11   IV 11 87 40 6 21 25 65 33 58
AS67 India 1996 Clinical O190   IV 11 87 40 6 21 25 65 33 58
pG10 India 1998 Clinical O11   IV 11 88 40 6 21 25 65 33 56
A5 Japan Shrimp O31   IV s 14 10 6 11 7 23 6 1
NRT36 NRT36S Japan 1990 Clinical O31   IV s 14 10 6 11 7 23 6 1
BA312 Argentina 1994 Clinical   IV s 14 10 6 11 7 23 6 1
5066 Thailand 1960 Clinical O24Smith   IV s 67 10 6 11 15 31 1 25
5163 Pakistan 1961 Clinical O25Smith   IV s 84 39 19 11 31 40 24 39
7697 Philippines Sewage O1   IV s 84 39 19 11 31 40 24 39
7165 Bangladesh 1966 Water O201Smith   I 14 21 17 21 47 22 35 28 30
7995 1968 Latrine O320Smith   I 14 22 17 38 47 22 35 24 30
6337 1962 Cow O352Smith   I 15 27 19 21 45 24 32 13 24
AM119 1995 Clinical   I 15 29 19 21 45 22 42 13 24
PL125 India 1998 Clinical O145   I 15 30 19 21 45 34 32 13 58
PL80 India 1998 Clinical O65   I 15 32 19 21 45 24 32 13 58
PL103 India 1998 Clinical O74   I 15 30 19 21 45 34 32 13 58
PL30 India 1998 Clinical O8   I 15 31 19 21 45 24 32 13 49
CS35 CS351 Brazil 1991 Clinical O1   I 15 28 19 21 45 24 33 18 58
PL58 India 1998 Clinical O107   I 4 34 19 21 46 7 32 1 40
PL89 India 1998 Clinical O107   I 4 35 19 21 46 7 32 12 47
pG9 India 1998 Clinical O37   I 10 20 16 19 23 22 1 13 30
5072 Bangladesh <1979 Clinical O23Smith   I 10 19 16 19 23 22 31 13 30
pG224 India 1998 Clinical O2   I 12 90 41 21 47 22 45 17 48
PL143 India 1998 Clinical   I 12 91 41 21 47 22 1 17 30
AM2 India 1995 Clinical O9   I 13 92 42 21 20 38 1 18 40
pG153 India 1998 Clinical O12   I 13 93 42 21 20 38 1 18 46
pG26 India 1998 Clinical O161   I 13 94 42 21 20 38 1 18 43
PL153 India 1998 Clinical   I 13 95 42 21 20 38 1 18 47
5037 Thailand 1959 Water O44Smith   I s 64 10 21 1 22 42 18 42
5411 Bangladesh 1961 Clinical O42Smith   I s 63 10 19 23 22 31 17 29
5697 Bangladesh 1962 Water O83Smith   I s 75 32 20 19 22 31 18 30
6707 Hong Kong 1966 Clinical O15Smith   I s 76 32 21 43 24 35 26 58
7291 Bangladesh 1967 Clinical   I s 24 19 19 23 22 45 13 29
DK59 M553 Germany 1994 Environment O70   I s 89 41 21 1 24 32 18 30
AM124 India 1996 Clinical O11   I s 25 19 21 20 23 35 18 40
AS414 India 1997 Clinical O39   I s 82 37 20 47 22 1 24 30
pG84 India 1998 Clinical O6   I s 26 19 21 44 24 61 13 45
PL21 India 1998 Clinical O6   I s 83 38 21 46 22 45 18 31
PL1 India 1998 Clinical O8   I s 33 19 21 46 38 46 18 40
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pG38 India 1998 Clinical O43   II 5 41 1 27 52 19 50 36 50
pG131 India 1998 Clinical O43   II 5 40 1 27 52 19 52 36 50
DK63 M562 Korea 1994 Environment O10   II 7 49 23 37 36 48 53 15 23
o1627 VO1627 Thailand Clinical O139   II 7 50 23 37 36 35 53 15 32
5052 Thailand 1959 Water O38Smith   II 9 72 30 34 1 30 58 16 40
5051 Thailand 1959 Water O94Smith   II 9 71 30 34 1 29 58 16 40
5165 Bangladesh 1961 Clinical O43Smith   II 6 73 31 25 38 38 64 24 52
5180 India 1963 Clinical O176Smith   II 6 74 31 25 37 38 64 24 52
Ng288.36 NG288/36 Thailand Clinical O139  + II s 51 24 26 24 27 55 29 57
6345 Bangladesh Unknown O27Smith + + II s 70 10 38 50 40 1 14 20
AQ1875 Clinical O48 +  II s 80 35 36 32 27 49 38 58
6355 Bangladesh Clinical O57Smith +  II s 101 47 19 33 42 54 13 21
455ps15 PS15 USA Sediment O106Smith   II s 52 25 27 53 33 62 31 35
5047 Thailand 1959 Water O175Smith   II s 39 19 6 24 21 37 19 57
5042 Thailand 1959 Water O20Smith   II s 66 10 1 23 20 62 38 25
5069 Thailand 1959 Clinical O48Smith   II s 99 45 39 18 43 36 15 1
5096 Thailand 1960 Clinical O16Smith   II s 60 28 19 48 22 56 23 27
5811 Manila 1962 Clinical O102Smith   II s 38 19 6 1 18 48 33 58
7902 Bangladesh 1962 Clinical O11Smith   II s 69 10 6 26 32 39 18 40
6313 Bangladesh 1962 Clinical O309Smith   II s 54 25 6 42 25 60 13 24
5678 Philippines 1962 Clinical O350 Smith   II s 62 28 6 41 42 1 20 26
7449 Philippines 1962 Unknown O64Smith   II s 56 27 19 34 42 51 21 37
5694 Philippines 1962 Water O77Smith   II s 65 10 30 31 28 62 24 27
6970 Bangladesh 1966 Clinical O312Smih   II s 81 36 6 41 45 59 15 41
5487 Bangladesh 1962 Water O21Smith   II s 53 25 29 39 22 39 24 37
7920 Japan 1968 Contact O33Smith   II s 37 19 24 17 16 66 23 28
8105 1969 River O358Smith   II s 36 19 24 1 36 52 23 25
8497 USA 1973 Septic tank O343Smith   II s 77 33 23 49 47 47 18 51
8635 1975 Water O321Smith   II s 48 22 6 51 39 45 29 26
8643 Japan 1975 Clinical O326Smith   II s 68 29 38 33 41 1 28 34
9183 Guam 1977 Unknown O347Smith   II s 85 39 29 56 26 38 16 44
9211 USA, MD 1977 Water O348Smith   II s 46 1 6 42 44 63 34 26
9248 USA, MD 1977 Water O349Smith   II s 61 28 31 28 33 36 34 54
459638.8 638-79 USA 1979 Clinical, non-enteric Smith NT   II s 23 18 33 54 14 67 37 38
DK68 M557 Argentina 1993 Environment O6   II s 42 20 35 55 49 39 27 52
DK69 M556 Argentina 1993 Environment O74   II s 100 46 32 29 46 41 34 33
DK67 M561 Korea 1994 Environment O74   II s 78 34 30 40 26 31 32 36
CO845 India 1995 Clinical O8   II s 86 39 40 22 26 1 25 39
PL2 India 1998 Clinical O10   II s 98 44 6 48 15 34 24 22
pG5 India 1998 Clinical O12   II s 97 44 23 46 41 31 13 58
pG18 India 1998 Clinical O184   II s 96 43 27 30 22 57 15 55
pG15 India 1998 Clinical O31   II s 79 35 31 27 37 43 35 53
pG54 India 1998 Clinical O39   II s 55 26 38 25 22 44 35 38
A
.
 A
y
d
a
n
ia
n
 et
 a
l.
 /
 In
tern
a
tio
n
a
l
 Jo
u
rn
a
l
 o
f
 In
fectio
u
s
 D
isea
ses
 3
7
 (2
0
1
5
)
 1
5
2
–
1
5
8
 
1
5
5
Table 2
The ratio of recombination to mutations (r/m) for the seven housekeeping genes
Gene r/m 95% CI
cat 3.5 3.4–3.6
chi 0.76 0.72–0.81
dnaE 0.017 0.016–0.018
lap 93 83–103
pgm 0.007 0.007–0.008
recA 1152 1034–1270
gyrB Unknowna Unknowna
CI, conﬁdence interval.
a Parameters failed to converge.
Figure 2. The four genetically deﬁned subpopulations of Vibrio cholerae shown in
the graphical output from Structure. Each subpopulation is deﬁned by a series of
alleles graphically represented by a color: red (II), green (IV), blue (I), and yellow
(III). Each isolate within a subpopulation is represented by a single vertical bar along
the x-axis; the y-axis shows the average proportion of each genotype ascribed to a
particular subpopulation. Bars with multiple colors indicate the degree of
recombination between subpopulations in that isolate. The number of isolates,
proportion of singletons, and isolates collected from clinical sources and clonal
complexes within in each subpopulation are indicated. Subpopulation III (yellow) is
the epidemic (ctx-positive O1/O139) group.
A. Aydanian et al. / International Journal of Infectious Diseases 37 (2015) 152–158156the other colors represent the alternative alleles from other
subpopulations. The amount of each color from other subpopula-
tions in a single column represents the average amount of
introgression by alleles from that other subpopulation as speciﬁed
by the color. Subpopulation III, which had the largest proportion of
clinical isolates (93%), had the least amount of introgression of
genes from the other three subpopulations. This introgression
occurred in a smaller proportion of the isolates and involved, on
average, a smaller proportion of the genome (4.1%).
The genetic relatedness of subpopulations was measured by the
genetic distance between pairs of isolates. The within-subpopula-
tion genetic differences between pairs of isolates from subpopula-
tion III were smaller than those from isolates in subpopulations I (n
= 30) and IV (Table 3). Subpopulation II had the largest pair-wise
distances within the subpopulation and between its isolates and
those of other subpopulations.
Isolates with identical STs or in a CC were more closely related
than those in a subpopulation and were considered to be derived
from a recent common ancestor because they were identical at ﬁve
or more of seven assayed loci.18 Six STs (1, 14, 30, 44, 84, and 87)
were found in multiple isolates. Thirteen CCs were determined by
eBURST (Table 1). As expected, the CCs were consistent with the
network and more conservative, in that they deﬁned smaller,
tighter groups than the framework. Isolates with identical STs or in
the same CC were found in signiﬁcantly different proportions
among the four subpopulations (Chi-square, p = 3  107). AsFigure 1. Network of genetic relatedness of 99 Vibrio cholerae isolates with selected
serogroups identiﬁed. A consensus tree was constructed by neighbor-joining
methods in ClonalFrame and exported into SplitsTree to determine the network
based on seven housekeeping genes – cat, chi, dnaE, gyrB, lap, pgm, and recA – for the
isolates. The parallelograms in the network are indicative of recombination among
housekeeping genes. Each isolate is identiﬁed by name. Selected Sakazaki
serogroups are placed close to the isolate name. The black dotted line indicates
the isolates of the ctx-positive O1/O139 clade.expected, in subpopulation III, the ctx-positive O1/O139s were all
part of a single CC; of the 14 isolates, eight had ST1 and three had
ST44. Similarly, subpopulations I and IV were composed of large
proportions of clinical isolates, 80% and 83%, respectively
(Figure 2). In contrast, subpopulation II, with a greater proportion
of environmental isolates (53%), had the highest proportion (81%)
of singletons. The other subpopulations I, III, and IV had smaller
proportions of singletons: 37%, 0%, and 50%, respectively.
The non-O1/O139 isolates with identical STs or in the same CC
had remarkable geographic and temporal diversity (Figure 3). ST14
contained clinical isolates from Japan and Argentina, ST84
contained a clinical isolate from Pakistan and an environmental
one from the Philippines, CC15 contained four clinical isolates from
India and one from Brazil, CC7 a clinical isolate from Thailand and
an environmental one from Korea, CC8 clinical isolates from
Bangladesh and the Philippines, CC10 clinical isolates from India
and Bangladesh, and CC6 clinical isolates from India and
Bangladesh. Temporally, ST14 had isolates from 4 years apart,
CC15 had isolates collected up to 36 years apart, CC8 up to 13 years
apart, CC10 at least 11 years apart, CC11 4 years apart, CC13 3 years
apart, and CC1, CC6, and CC2 up to 2 years apart. Thus, similar to
the clonally related O1/O139s (CC1 including ST14 and ST44),
which in this study were collected on four continents and up to
44 years apart, the geographic and temporal diversity of the
various clonally related non-O1/O139s are indicative of the ability
of non-O1/O139 V. cholerae clones to persist and be spread.
This study conﬁrms that serogrouping is an outdated method
for determining whether individual strains, even in the sameTable 3
The ranges of pair-wise genetic differences within and between subpopulations
deﬁned by structure
Subpopulation I II III IV
I 0–0.031
II 0.008–0.090 0–0.090
III 0.013–0.030 0.009–0.084 0–0.006
IV 0.010–0.037 0.007–0.087 0.012–0.029 0–0.028
Figure 3. Geographic sources of genetically closely related potentially pathogenic non-O1/O139 isolates of Vibrio cholerae. The labels indicate the genetic identiﬁcation by
sequence type (ST) or clonal complex (CC) of isolates found in each location around the world. Each distinct genetic group is assumed to have had a recent common ancestor.
A. Aydanian et al. / International Journal of Infectious Diseases 37 (2015) 152–158 157outbreak, are genetically related. The present sample included
23 non-O1/O139 isolates from the 1998 seasonal cholera outbreak
in Kolkata.23 These isolates had 16 different serogroups, belonged
to three different subpopulations and seven CCs, and nine were
singletons. There was no discernible pattern between serogroups
and genetic lineage. In two instances, the two isolates with the
same serogroup (O107 and O43) were in the same CC, but in three
instances, two 1998 isolates with the same serogroup (O6, O8,
O12) were genetically unrelated appearing as singletons, or in a
different CC, or even different subpopulations.
4. Discussion
MLST analysis of 99 isolates of V. cholerae revealed that many
non-O1/O139 isolates were genetically related. Some had identical
STs, and others could be found in the same CC indicating that these
isolates had a common ancestor. The genetically related non-O1/
O139 isolates were often collected in different countries and
different continents, in different years up to 36 years apart,
consistent with the non-O1/O139 V. cholerae clones migrating long
distances and persisting for extensive periods of time.
In order to deﬁne the genetic relatedness of V. cholerae, analyses
must incorporate the role of recombination. The present analyses
revealed that V. cholerae should be considered a species with a high
rate of recombination, with the estimated r/m ratio (2.2) being
similar to the rate in Campylobacter jejuni (2.2), a species widely
regarded to have a high recombination rate.20 A second measure,
the relative frequency of recombination in comparison to point
mutation (r/u), was 0.64 in this study, a value similar to the
0.76 reported for V. cholerae O13911 and less than the 1.1 observed
in V. cholerae O1.3 In all instances, it was anticipated that
homologous recombination had more impact on sequence
evolution than mutation, as the number of possible changes was
greater in a single recombination event than in a mutation event.
The effects of recombination on phylogenetic trees based on MLST
was illustrated by comparing the present network to that of
another study using a different MLST scheme.9 In the present
study, S21 and Y276, O37 isolates from the Sudan and Czechoslo-
vakia, respectively, were part of the ctx-positive O1/O139 lineage
CC1. In contrast, in the previous paper, both appeared to be outside
this lineage, because in the bifurcating tree, the recombination
event led to a long branch length. The present analysis was
consistent with (1) the analysis of 26 genes,9 and (2) whole genome
sequencing data where in spite of the longer branch length of the
recombination event, the isolates remained in the ctx-positive O1/
O139 lineage because of the similarity of the rest of the genome.24The present analyses conﬁrmed the presence of four sub-
populations as observed previously,9 and further deﬁned the
subpopulations based on a larger sample size. Both studies agree
that subpopulation III with the O1/O139 ctx-positive strains had
the least amount of introgression and largest proportion of clinical
isolates. A statistically signiﬁcant increased proportion of clinical
isolates was found in two other subpopulations and of environ-
mental isolates in another. The latter also contained the greatest
amount of genetic diversity, whether measured by proportion of
singleton genotypes or by the genetic distances between pairs of
isolates within the subpopulation.
This study is the ﬁrst to identify non-O1/O139 isolates with the
same ST or in the same CC in different countries and continents and
many years apart. A previous study of isolates from Bangladesh
found that in two of three cases, non-O1/O139 isolates that had the
same serogroup had the same ST or were in the same CC.9 Other
isolates with six additional serogroups were unrelated. A second
study surveyed isolates from China collected over a 9-year period
and did not note any novel CC.1 However, one Chinese isolate was
related to the Amazonia isolates. Although the isolates in the
Amazonia CC were collected primarily in Brazil,8 in a different
hemisphere, and decades earlier than the Chinese isolate, the
combined observation is consistent with our observation that
isolates from different years and geographical locations belong to
the same CC.
Despite the extensive diversity observed among the non-O1/
O139 isolates, 45% of the isolates in the present study were related
to another isolate. Among the 80 observed different STs, there were
14 groups of related non-O1/O139 isolates, two groups of isolates
with identical STs, and 12 CCs. Within these 14 groups, eight had
isolates from different countries (Figure 3) and nine had isolates
from different years. The four CCs found only in a single year and
place, all contained only two isolates, and three of the CCs were
from Kolkata in 1998, a collection that was over-represented in the
present sample. A limitation of this study is that an atypical MLST
scheme was used, having initiated the work before the general
scheme was in place. Thus, there could be additional STs or CCs that
could match the isolates in this sample. The overlap between the
Amazonia isolates from the present study (CS351) and the Chinese
study1 provides an example. Similarly, sequencing those isolates
with similar virulence gene patterns among the Chinese sample
could identify additional CCs that would support our conclusion
that non-O1/O139s were persistent and geographically wide-
spread.
In summary, we demonstrated that clonally related non-O1/
O139s were persistent and geographically widespread, conﬁrmed
the presence of four subpopulations of V. cholerae, and showed the
A. Aydanian et al. / International Journal of Infectious Diseases 37 (2015) 152–158158subpopulations had differing proportions of clinical isolates. From
a public health standpoint, these ﬁndings provide support for the
hypothesis that some pathogenic non-O1/O139 isolates represent
rare diarrheal diseases with the capacity to persist and spread
across countries and continents.
Conﬂict of interest: The authors have no competing interests to
declare.
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